Abstract Growth of potato tuber calli cells (non-green) is inhibited by 4-chloro-2-methylphenoxyacetic acid (MCPA) as a consequence of perturbation of membrane integrity. MCPA also depresses ATP content with simultaneous increase of ADP and AMP, i.e., the energy charge is severely compromised. Cell redox state is also affected by MCPA, as a function of concentration. Up to 60 lM, MCPA stimulates glutathione reductase and glutathione transferase, whereas superoxide dismutase and catalase activities are not affected. However, 120 lM MCPA inhibits all these activities. Cell death challenged by MCPA is putatively related to disturbance of membrane integrity responsible for mitochondrial uncoupling with decrease of the energy charge and subsequent loss of ions and metabolites.
Introduction 2-Methyl-4-chlorophenoxyacetic acid (MCPA) was developed in the 1940s and is a chlorophenoxy herbicide widely used to effectively control a wide variety of broadleaved weeds in cornfilds, grasses, orchards, grapes, flax, sugarcane, pulses, and non-crop areas.
Due to its chemical structure which is similar to that of natural plant hormones (auxins), it causes uncontrolled growth of the meristematae and restrains both DNA and protein synthesis (Fargasova 1994) , thereby causing the disruption of basic metabolic processes in plant cells and tissues.
The usual MCPA field dose is 1,000-fold higher than the normal auxin level within plants, which causes extensive cell growth stimulation resulting in the death of the plant (Hopkins 1999) .
Toxicological assays in rats show that the liver and the kidneys are the target organs for MCPA. MCPA induces cytochrome P450 isoenzymes in Hep G2 cells; the cytoskeletal components actin and vinculin were dramatically affected by MCPA metabolism cousing protein sulfhydryl groups depletion (Camatini et al. 1998) . Kobal and Budihna (1999) showed that at low concentration (15 mg kg -1 ) MCPA affects neither the body weight of adult rats and rabbits nor that of their offspring and the weight of inner organs is maintained. However, at higher concentrations (150 mg kg -1 ) significant changes in rabbits' semen characteristics are induced (Kobal and Budihna 1999) . Assays of enzymes, microorganisms and cell cultures are becoming more and more important to assess the toxicity of chemical compounds in vitro and are being used as models to implement both cost-effectiveness and reproducibility (Bitton 1999; Bitton and Koopman 1992; Cabral et al. 2003) .
MCPA is not extensively metabolized and urine is the predominant route of excretion (van Ravenzwaay et al. 2004) . Studies conducted with whole animals indicate that MCPA is slightly hazardous, although toxicological mechanisms have not yet been identified (Bellet et al. 2001) . The study of primary and immortalized cell cultures showed that MCPA may exert its primary effect on mitochondria (Camatini et al. 1996) .
Cell cultures of callus from potato roots (Solanum tuberosum L.) have been used as a model to evaluate the phytotoxicity and the metabolization of several herbicides (Ebing et al. 1984; Sandermann et al. 1984) . The absence of a complex structural organization and a more efficient exposition to environmental stress are some of the advantages of this sensitive model for toxicity evaluation (Smeda and Weller 1991) .
In this paper we attempted to identify MCPA cytotoxic effects on non-green callus cells, regarding cell growth, total synthesized protein, cellular integrity, energy charge, redox state and several enzymes involved in the antioxidant mechanisms of the cell.
Materials and methods

Chemicals
MCPA was purchased from FLUKA. Adenosine and pyridine nucleotides were obtained from Sigma (St Louis, MO, USA). HPLC-grade methanol was from Merck. All the other chemicals were of the highest purity, commercially available.
Plant materials
Potato tuber calli were obtained from segments of adventitious roots developed from spouts of potato (Solanum tuberosum L.) tubers. The segments were excised and cultured on Murashige and Skoog solid medium supplemented with 2 mg/l 2,4-D (2,4-dichlorophenoxyacetic acid). In about 4 weeks, callus tissue was obtained and kept in suitable experimental conditions by sub culturing every 4-6 weeks (Montezuma and Guimarães 1976) . In the assays callus tissue was grown, for 4 weeks, on media supplemented with different concentrations of MCPA.
Membrane integrity
The amount of fluorescein released by cells into the culture medium is an index of membrane integrity, according to the modified method of Persidsky and Baillie (1977) . Callus tissue was grown for 4 weeks on Murashige and Skoog solid medium supplemented with 2 mg/l 2,4-D. Callus tissue (1 g fresh weight) was inoculated for 72 h on Murashige and Skoog liquid medium supplemented with different concentrations of the herbicide MCPA (0, 20, 60 and 120 lM). Callus tissue was incubated with fluoresceindiacetate for 15 min. Samples were centrifuged to obtain a supernatant free of cells. Fluorescein release to extracellular medium was estimated from the absorbance at 485 nm. Full fluorescein release (100%) was established with heat-killed cells (60°C, 10 min) and corresponds to an absorbance of 0.361 ± 0.018.
Microscopy
Cell membrane integrity was estimated using the fluorescein diacetate (FDA) method (Mayer et al. 1997 ). This method is based on the incubation of 10 ml of the analyzed sample (0.1 g/ml) with 0.2 ml of FDA solution for 5 min, in darkness at room temperature. Fluorescein diacetate (Sigma-Aldrich, St Louis, USA) was dissolved in acetone to a concentration of 1 g/l and stored in darkness at -20°C. FDA is a lipophilic, non-fluorescent molecule that is readily taken up by cells. Nonspecific esterases within the viable cells cleave the ester bonds, producing fluorescein which yields green fluorescence under blue light excitation. The fluorescence intensity depends on the esterase activity of the cell and the integrity of the cell membrane, both revealing the physiological state of the cells.
The observations were carried out with a fluorescence microscope (magnification 4009) equipped with epi-illumination (Axioplan, Zeiss, Germany), 100 W halogen bulb, band pass 450-490 nm (blue) excitation filter, 510 nm chromatic bean splitter, and 520 nm cutoff high pass filter.
Quantification of nucleotides
Adenine and pyridine nucleotides were extracted using an acidic extraction procedure and were separated by reversephase liquid chromatography, as described previously by Stocchi et al. (1985) . Briefly, acidic extraction was performed as follows: 1 g cells was added to 1 ml ice-cold 0.6 M HClO 4 . After 5 min, the mixture was vortexed, centrifuged for 2 min at 10,000 rpm in an Eppendorf bench centrifuge at 0°C, and the pellet was discarded. The supernatant was neutralized with 3 M KOH and centrifuged again (10,000 rpm, 2 min) to precipitate all the KClO 4 formed. The supernatant fluid was filtered through Millipore filters (0.22 lm diameter) and stored at -80°C for chromatographic analysis. All the extraction procedures were carried out at 0-4°C to minimize the degradation of nucleotides. The chromatographic apparatus was a Beckman System-Gold, consisting of a binary pump and a 166 variable UV detector, controlled by a computer. The detection wavelength was 254 nm and the column used was a Lichrospher 100 RP-18 (5 lm) from Merck (Darmstadt, Germany). During each run, an isocratic elution with 100 mM potassium phosphate buffer pH 6.5 and 1% methanol for 10 min, followed by a 5 min linear gradient up to 10% methanol was performed with a flow rate of 1.25 ml/min. The time required for each analysis was 5 min. The detection limit for each analyte ranged from 3 to 5 pmol.
Enzyme assays
Enzymes were assayed in crude extracts of callus tissue growth for 4 weeks on different concentrations of MCPA. Callus tissue was ground in liquid nitrogen to a fine powder in a mortar and pestle. Proteins were extracted (at 0-4°C) by further grinding with 5 ml of buffer containing 50 mM Tris-HCl (pH 7.0), 20% glycerol, 1 mM ascorbate, 1 mM DTT, 1 mM Na 2 -EDTA, 1 mM GSH and 5 mM MgCl 2 . For catalase, the medium was supplemented with 1% polyvinylpolypyrrolidone. The homogenate was centrifuged for 6 min at 12,000g. The supernatant was centrifuged for 20 min at 26,000g. The clear supernatant was used for assays of catalase (CAT), superoxide dismutase (SOD), glutathion reductase (GR), and glutathione S-transferase (GST).
Catalase activity was determined by monitoring the disappearance of H 2 O 2 according to the method of Beers and Sizer (1952) . Total SOD activity was measured by determining the amount of enzyme required to produce 50% inhibition of the reduction of cyt c by superoxide generated by xanthine oxidase, as described by Forman and Fridovich (1973) . GR activity was determined by monitoring the glutathione-dependent oxidation of NADPH, as described by Schaedle and Bassham (1977) . GST activity was measured spectrophotometrically at 340 nm using 1-chloro-2,4-dinitrobenzene (CDNB) as substrate (Habig et al. 1974) . Assays (3 ml) contained the following final concentration of reagents: 0.17 M K-phosphate buffer (pH 7.5), 3.3 mM GSH and 1 mM CDNB, and were incubated at 25°C for 5 min.
Protein assays
Proteins were measured by the method of Bradford (1976) with bovine serum albumin as standard.
Results
After 4 weeks treatment with MCPA, cell growth of nongreen potato tuber callus was inhibited for concentrations higher than 10 lM MCPA (Fig. 1) , and the inhibitory effect continued to increase up to 120 lM, above which growth stops occurs with an estimated IC 50 of 58.6 ± 2.4 (lM). Protein/cellular fresh weight ratio was increased by MCPA up to 60 lM. However, at 120 lM, a strong inhibition occurs (Fig. 2) .
Membrane cellular integrity was evaluated on the basis of fluorescein release (Persidsky and Baillie 1977) . Full fluorescein release from cells (100%) was assigned to cells submitted to 60°C for 10 min. As means of control, we conducted experiments in order to find out whether MCPA de per se interferes with fluorescein at 458 nm. The results showed no visible effects. Callus tissue cultures incubation with higher MCPA concentrations increases fluorescein release (Fig. 2) . Surprisingly, MCPA at 120 lM induces an apparent decrease on the fluorescein absorbance at 458 nm, which may indicate an increase of the membrane integrity, as compared with lower MCPA concentration assays. In order to better understand the results, experiments were conducted with recourse to microscopy, using the fluorescein diacetate (FDA) esterase test (Fig. 3) , to study the effect of different concentrations of MCPA on cellular integrity (Regel et al. 2002) . cell fluorescence and increases extracellular fluorescence; it also indicates loss of membrane integrity, which is in agreement with the spectrometric data (Fig. 2) . Furthermore, the strong decrease of fluorescence shown in Fig. 3c accounts for the unexpected result in Fig. 2 for 120 lM MCPA. Actually, the fluorescence decrease is the result of intracellular esterases inhibition, which in turn avoids fluorescein production. Therefore, the spectrometric test is not suitable to evaluate membrane integrity for 120 lM MCPA.
Callus tissue cultures treated with MCPA show depressed ATP content, accompanied by simultaneous increase in ADP and AMP causing energy charge to drop as an effect of the herbicide (Fig. 4) ; on the contrary, there is a progressive decrease of the cell energy charge as the concentration of MCPA increases. In addition, MCPA increases the NAD ? /NADH ratio (Fig. 4) and consequently reduces antioxidant protection as well as other metabolic activities.
Neither superoxide dismutase (EC 1.15.1.1), present in the dismutation of superoxide into oxygen and hydrogen peroxide, nor catalase (EC 1.11.1.6), involved in degrading hydrogen peroxide, are significantly altered by MCPA for concentrations up to 120 lM (Fig. 5) .
Glutathione reductase (EC 1.6.4.2) reduces glutathione disulphide (GSSG) to the sulphydryl form GSH (a strong reducing agent), a process which provides protection against stress factors. GR is then a key enzyme on the redox cycle of glutathione. Its activity was stimulated by MCPA reaching a maximum at 60 lM (207% of the control). However, at 120 lM MCPA, no effect was detected (Fig. 5) .
The glutathione transferases (EC 2.2.1.18) belong to a family of enzymes involved in detoxification of several harmful chemicals, including environmental pollutants as well as toxic products such as lipid hydroperoxides, which are generated during oxidative stress. Like GR the GST activity was also stimulated by concentrations of MCPA up to 60 lM, with a maximal effect of 140% of control (Fig. 5) . However, at 120 lM MCPA, no stimulatory effect has been observed (Fig 5) . 
Discussion
Cell cultures proved to be very useful in ecotoxicological evaluations and provide a suitable model for the study of herbicide metabolism in plants (Ebing et al. 1984; Harms 1992 . Furthermore, callus tissue cultures represent an alternative to the use of whole plants in evaluating herbicide toxicity, since they allow precise control of herbicide penetration and translocation (Magalhães et al. 1989; Mumma and Davidonis 1983; Nellessen and Fletcher 1993) .
Protonated MCPA is lipophylic and freely crosses the plasma membrane into the cell until equilibrium is reached, depending on the transmembrane pH gradient. In cytosol (about neutral pH) the acid dissociates, resulting in accumulation followed by decrease of intracellular pH, also causing accumulation of anions, which cannot freely move across the lipid plasma membrane (Viegas et al. 1998) .
Treatment with MCPA up to 60 lM induced an increase in the protein/cell weight ratio (Fig. 2) , which is more likely to be a consequence of the cell's water and electrolytes loss rather than of the increase of protein synthesis. This is supported by the observation of an increased number of cells per gram of callus, indicating a decrease of cell volume. Consequently, cells become harder and turn dark-brownish with increasing herbicide concentrations (data not shown).
Fluorescein diacetate (FDA) is a non-polar esterified molecule which freely permeates across the intact plasma membrane. The hydrolysis of FDA within the cell by nonspecific esterases yields fluorescein, which cannot move across the phospholipidic membrane (Guilbault and Kramer 1964) . Thus fluorescein is released inside the cell and fluoresces by exposure to short wavelength light (Prosperi 1990) . Both perturbations in membrane integrity and cell damage without disrupting its morphological integrity result in decreased fluorescence. Therefore intracellular fluoresce in accumulation monitors FDA turnover and provides a useful indicator of cell integrity and activity.
The data from Fig. 3 enable us to establish that the spectroscopic method (Persidsky and Baillie 1977) is only useful as far as growing cells go. Otherwise, a false positive result might be obtained ensuing from inhibition of esterase activity, in which case no fluorescence would be observed whether inside or outside the cells.
MCPA decreased the ATP content of cultured cells and simultaneously increased the levels of ADP and AMP, reflecting a change of energy charge (Fig. 4) . These findings are in accordance with earlier reports on nucleotide depletion in erythrocytes exposed to MCPA (Bukowska et al. 2003) and in potato tuber calli exposed to 2,4-D (another phenoxyacetic acid herbicide) (Peixoto et al. 2008) .
When buried in the membrane, MCPA may severely affect both the physical structure and the integrity of mitochondrial membranes, resulting in a decrease of energy charge, insofar as non-green potato tuber calli require mitochondrial oxidative phosphorylation to generate ATP. These observations agree with membrane potential dissipation of potato tuber mitochondria by MCPA already observed by us (unpublished data) and reported elsewhere (Pritchard et al. 1982; Zychlinski and Zolnierowicz 1990) . MCPA reduces cell redox state as indicated by the increase of the NAD ? /NADH ratio, which is essentially concurrent with previous reports (Bukowska 2006; Bukowska et al. 2003; Palmeira 1999) . Decrease of NADH and GSH accompanied by NAD
? and GSSG increase, may be partially compensated by the observed increase of GR activity (Fig. 5) . Glutathione S-transferase catalyzes the conjugation of electrophilic herbicides with the tripeptide glutathione and, as regards several plant species, it has been reported as being a determining enzyme for herbicide detoxification (Hatton et al. 1998 ). 2,4-dimethylphenol, a metabolite of 4-chloro-2-methylphenoxyacetic acid, induces a significant increase of GST activity in human erythrocytes. The same, however, does not occur with exposure to MCPA (Bukowska et al. 2003) . Our data point to GST being an important enzyme responsible for MCPA detoxification (Fig. 5 ), although it was not possible to draw any clear conclusion as to GST action on MCPA or on its metabolites.
Although our experimental design does not enable us to identify the rationale for GST increase, nevertheless, GST seems to be involved in MCPA detoxification.
Data for superoxide dismutase and catalase confirm that MCPA does not stimulate production of H 2 O 2 or O 2
•-, due to enzymatic stimulation having been observed. This contrasts with 2,4-D, which strongly stimulates not only catalase activity (150%) but also superoxide dismutase (about 30%) (Peixoto et al. 2008) .
Finally, data show that MCPA cytotoxicity is related to the decrease in the energy charge and redox state, due to a disturbance in the physicochemical and structural properties of the membrane, also leading to electrolytes and metabolites loss.
